Introduction
The genomes of many herpesviruses are divided into two unique regions (designated long and short), one or both of which is flanked by inverted repeat regions (see Honess, 1984) . The complete nucleotide sequence of at least one member of each of the three herpesvirus subclasses (alpha-, beta-and gamma-) is now known (Davison & Scott, 1986; McGeoch et al., 1988; Chee et al., 1990; Baer et al., 1984) and it has emerged that the short regions of the herpesvirus genomes contain genes that are specific to each viral subclass (Davison & Taylor, 1987; Weston & Barrell, 1986) . Although the complete sequences of the short region of the genomes of two alphaherpesviruses, varicella-zoster virus (VZV) and herpes simplex virus type 1 (HSV-1), have been determined (Davison, 1983; McGeoch et al., 1985) , the number of genes these contain differs and knowledge of the functions of the gene products is incomplete.
An understanding of the structure of the short region of other alphaherpesviruses is not only relevant to the pathology of the diseases which those viruses cause, but may provide insight into the evolution of alphaherpesviruses and identify functionally important conserved domains in the proteins that the genes in this region encode. Post and coworkers (Rea et al., 1985; Petrovskis et al., 1986a, b; Petrovskis & Post, 1987) have identified five genes (four encoding glycoproteins and one of unknown function) in the short unique (Us) region of pseudorabies virus (PRV) and recently we described a sixth, which encodes a protein kinase, in the BamHI 10 fragment of the genome (Zhang et al., 1990) . We have now completed the sequence of the remainder of the BamHI 10 fragment of PRV and present it here. It contains a gene homologous to an immediate-early or gene of HSV-1 in the short repeat (Rs) region of the genome, two regions of simple repetitive DNA and the junction between the Us and Rs regions of the genome.
Methods
Cells and viruses. PRV was the Ka strain of Kaplan & Vatter (1959) and was grown in BHK-21/C 13 cells, as previously described (Purves et al., 1986) .
Cloning of PR V DNA and determination of nucleic acid sequences.
DNA was isolated from purified PRV virions by extraction with phenol in the presence of sodium lauroylsarcosinate (Lomniczi et al., 1984) . It was digested with BamHI and the fragments were cloned into the plasmid vector pUC18 using Escherichia coli strain JM109 (Yanisch-Perron et al., 1985) . The BamHI fragment 10 was identified as described previously (Zhang et al., 1990) and fragment 12 was identified by its size and comparison of its restriction endonuclease map with that of BamHI fragment 10.
Nucleotide sequences were determined by the chain-termination method (Sanger et al., 1977) using buffer gradient gels containing 6~ acrylamide and 9 M-urea (Biggin et al., 1983) , generally after subcloning fragments derived by digestion with restriction endonucleases into the vectors M13mpl8 and M13mpl9 (Yanisch-Perron et al., 1985) . Some of the clones used for sequencing contained parts of the BamHI 10 fragment with deletions generated using DNAase (H. Lehrach, unpublished results) or exonuclease III (Henikoff, 1984) after subcloning into Ml3mpl8 or pUC18, respectively. In some cases the denatured plasmids themselves were sequenced directly (Hattori & Sakaki, 1986) . The region of DNA sequenced was 73~ (G + C) and, as is common in sequencing such GC-rich DNA, considerable problems were encountered with band compressions and false stops (see Zhang et al. (1990) for elaboration). We resolved the problem of compressions as previously (Zhang et al. 1990) , employing, in addition, 7-deaza-2'-dGTP. The false stops were in certain instances overcome using Thermus aquaticus DNA polymerase, but this type of artefact was found in any given region of DNA only when sequencing from one particular direction and one clear reading was always obtained by sequencing in both directions. In one case (see Results) the endpoints for sequencing were generated by digestion of the plasmid DNA with 5 Vogt units of nuclease $1 for 30 min at 37°C in a buffer containing 33 mM-sodium acetate pH 4-5, 50 mM-NaC1 and 0-03 mM-zinc sulphate; after secondary restriction endonuclease cleavage in the multiple cloning site, the fragments of PRV DNA were subcloned into the M13 vectors. The sequences were assembled from approximately 70 overlapping fragments which covered both strands in their entirety, except for one small region mentioned in the text.
Isolation and analysis ofmRNAs. RNA was extracted from BHK cells infected for different times with PRV (20 p.f.u, per cell) by the acid guanidinium thiocyanate method (Chomczynski & Sacchi, 1987) and polyadenylated RNA isolated by chromatography on oligo(dT)-cellulose (Aviv & Leder, 1972) . Where indicated, cycloheximide (20 ~tg per ml) was added to the medium 30 min before the addition of virus and included throughout the infection. The polyadenylated RNA was subjected to electrophoretic separation in agarose gels containing formaldehyde (Goldberg, 1980) , transferred to nitrocellulose and hybridized to DNA probes, radioactively labelled by nick translation (Rigby et al., 1977) . The probes used were a Sail fragment containing part of the RSp40 gene [probe (i) in Fig. 1 ], a BamHI-NdeI fragment containing part of the PRV gX gene (Zhang et al., 1990) or the PRV BamHl 8 fragment containing the gene for IE180 (isolated from the Kpnl h fragment, constructed and provided by Dr A. Davison, Institute of Virology, University of Glasgow, U.K.). After hybridization the nitrocellulose was washed three times for 10 min at 20 °C with 2 x SSC, 0.1% SDS and then once for 30 min at 65 °C with 0.1 x SSC, 0-1% SDS, before drying and subjecting to autoradiography. (SSC was 0-15 Msodium chloride, 0.015 M-sodium citrate pH 7.0).
Transfer and hybridization of DNA. DNA was digested with the restriction endonucleases indicated in the text, subjected to electrophoresis in 0.7 ~ agarose, denatured, transferred to nitrocellulose paper (Southern, 1975) and hybridized to radioactively labelled DNA probes. After hybridization the nitrocellulose was washed three times for 10 min at 20 °C with 2 x SSC, 0-1~ SDS and then twice for 30 min at 65°C with 0-1 x SSC, 0-1~ SDS, before drying and subjecting to autoradiography.
Computer analyses. Sequences were analysed using version 6.1 of the GCG package mounted on a MicroVax 3600 in the Glasgow University local area VAX cluster running version 5 of the VMS operating system. Local sequence comparisons for Fig. 3 were (a) Ut ]Rs Us TRs • -b~,, I PRV J) )t.
(b) "..
",> ~/ -. made using the GCG program, Gap. A 'profile' of the sequences presented in Fig. 3 was generated and compared to the sequences in the NBRF-Protein (release 21) and SwissProt (release 12) databases using the GCG program, ProfileSearch. These databases were also searched for certain motifs apparent from Fig. 3 (see text) using the GCG program, Find. To examine potential reading frames, the programs CodonPreference and TestCode were used. The former uses an algorithm (Gribskov et al., 1984) that compares the codon usage of the test sequence with a codon usage table, which in this case was compiled from seven published sequences of predicted coding regions of PRV genes. The GCG program TestCode uses an algorithm not involving codon usage, but relying on the empirical observation of compositional bias with a periodicity of three in known coding sequences (Fickett, 1982) . The data in Fig. 7 were obtained using the GCG program, PepPlot. Fig. 1 shows the genomic locations and partial restriction endonuclease maps of the two fragments of PRV DNA analysed: BamHI 10 and BamHI 12. In the case of the BamHI 10 fragment, the main focus of this paper, the region of 2672 nucleotides from the left-hand BamHI site to the EcoRV site (Fig. 2) , which contains a predicted gene, RSp40, two simple reiterated sequences, RI and R2, and the junction between the IRs and the Us regions of the genome is presented here. Overlapping clones were generated to demonstrate that this region was contiguous with the 1342 nucleotides from the EcoRV site to the right-hand BamHI site, which contain the pk gene, presented previously (Zhang et al., 1990) . Thus, as determined, the total length of the BamHI 10 fragment is 4008 nucleotides, although, as discussed below, there is reason to believe that PRV may exhibit heterogeneity in this region of its genome. Only parts of the BamHI 12 fragment were subjected to nucleotide sequence analysis and these are indicated by the solid lines in Fig. 1 (c) .
Results

Overview of the regions of the PR V genome analysed
One particular problem was encountered in determining the sequence of DNA in the Sail fragment nearest to the left-hand BamHI site of the BamHI 10 fragment in Fig. 1 , containing nucleotides 337 to 648. It was not possible to subclone DNA containing this fragment into M13 vectors without it suffering large deletions, even though the fragment appeared stable in the pUC18 plasmid vector maintained in a recA-strain of E. coli. This problem was overcome by direct sequencing of double-stranded plasmid DNA. We thought that the instability might be caused by a palindromic sequence, as such sequences are known to become deleted in singlestranded vectors even in recA-strains. Evidence for some sort of 'loop-out' structure was obtained by the identification of a site in this region of the DNA susceptible to cleavage with nuclease S1 (see Stow, 1985) when cloned into pUC18 (G. Zhang & D. P. Leader, unpublished results) and, after a secondary restriction endonuclease cleavage, we were able to subclone 'halves' of the SalI fragment into M 13 vectors and determine the positions of cleavage by nuclease S1 and the nucleotide sequences proximal to these. The positions of the ends of the largest fragments isolated following treatment with nuclease S1 are indicated in Fig. 2 . They can be seen to lie just around the 5' end of an uninterrupted region of 25 Cs, but do not reveal any palindromic sequences that could account for the propensity to deletion and the susceptibility to nuclease S1. As the size of the fragment predicted from the sequence (306 nucleotides) is in excellent agreement with that estimated for the fragment in the plasmid (305 + 5 nucleotides; Fig. 5 ), we are confident that the sequence presented represents that of the fragment cloned into the plasmid.
The gene RSp40
It can be seen from Fig. 2 that between nucleotides 586 and 1677 there is an open reading frame (preceded by an in-frame stop codon) which would theoretically encode a protein of 364 amino acids (Mr 40000). As this gene lies within the Rs region of the genome of PRV (see below), we have designated it RSp40. The predicted protein product of this gene contains a region with extensive similarity (Fig. 3) to portions of the products of gene 63 of VZV (Davison & Scott, 1986 ) and ORF4 of the Us region of equine herpesvirus 4 (EHV-4) (Cullinane et al., 1988) , and somewhat less similarity to the product of gene US1 of HSV-1 (McGeoch et al., 1985) , which encodes the immediate early protein known variously as ~22, Vmw68 and IE4. The termination codon for the reading frame is followed by a potential polyadenylation/processing site approximately 110 nucleotides downstream.
Upstream of this open reading frame it is difficult to identify a potential T A T A box, although a potential C C A A T box is marked in Fig. 2 . There are also several potential binding sites ( G G G C G G ) for the transcription factor Spl, but such sequences occur frequently in GC-rich PRV DNA. Nevertheless, it has been felt worthwhile to mark three consecutive sequences of this type in Fig. 2 . The RSp40 gene contains a region extraordinarily rich in A and G, predicted to encode an unusually long acidic domain. This peculiarity is considered in the Discussion. The m R N A transcribed from the corresponding gene US1 of HSV-1 is of the kinetic class immediate early (Honess & Roizman, 1974) but, in PRV, only a single immediate early m R N A or protein has been identified (Ihara et al., 1983) : IE180, the homologue of the major trans-activating protein of HSV-1 (Watson & Clements, 1980) , known variously as ~4, V~1 7 5 and IE3. Immediate early m R N A s can be identified by the fact that they are transcribed in the presence of an inhibitor of protein synthesis such as cycloheximide. To determine whether RSp40 is an immediate--early gene, m R N A was isolated from cells infected for different times with PRV in the presence or absence of cycloheximide, and hybridized to radioactively labelled probes derived from PRV: ~m P i~E~H G~4 G~ 99 et al., 1985) , the product of gene 63 of VZV (Davison & Scott, 1986 ) and the product of ORF4 of EHV-4 (also known as EHV-1 subtype 2) (Cullinane et al., 1988) . Gaps introduced to optimize alignment are indicated by dots. The amino acid residues that are identical for at least two of the four proteins are shown with either a black or a grey background, and those identical in all four proteins are presented on the line designated 'Common'. 8 and 15 ), 1 h (lanes 2, 3, 9, 10, 16 and 17), 3 h (lanes 4, 5, 11, 12, 18 and 19) or 6 h (lanes 6, 7, 13, 14, 20 and 21) with PRV, subjected to electrophoretic separation, transferred to nitrocellulose and hybridized to the radioactively labelled probes described in Methods, either from the IE180 gene (lanes 1 to 7), the RSp40 gene (lanes 8 to 14) or the gX gene (lanes 15 to 21). Cycloheximide was present in the cells from which the mRNA in lanes 3, 5, 7, 10, 12, 14, 17, 19 and 21 was isolated. The figure shows an autoradiograph with the sizes of some of the bands, deduced from comparison with standards of known length, indicated. The size of the major band in lanes 11 and 13 (not indicated) was 1.9 kb.
RSp40 or IE 180 (Ihara et al., 1983; Cheung, 1989a) , with a probe from the g X gene (Rea et al., 1985) , not thought to be an immediate early gene, serving as a control. It can be seen from Fig. 4 that only the 6 kb m R N A corresponding to IE180 is present in cells infected in the presence of cycloheximide and, indeed, the amount of this m R N A was greatly increased under these conditions, presumably because it is not down-regulated by the products of delayed early genes. The m R N A for RSp40 contained an abundant major species of 1.9 kb, together with some minor species of greater size, but, like the two main m R N A s to which the gX probe hybridized (thought to be overlapping transcripts from the pk and gXgene, and the gXgene alone; Zhang et al., 1990 ), these were not detected in the presence of cycloheximide, lit is also apparent from Fig. 4 that the BamHI 8 probe hybridizes to a second transcript, 2 kb in length, of a different kinetic class to IE180, which, incidentally, serves as an internal control. This may correspond to the 2 k b transcript that overlaps the IE180 gene with opposite polarity (Cheung, 1989b) .]
Reiterated sequences
Lying downstream from gene RSp40 are two regions of reiterated D N A separated by 64 nucleotides of nonrepetitive DNA. The first (R1) contains 11 full and identical tandem copies of a sequence of 35 nucleotides followed by the first 24 nucleotides of a twelfth copy, and the second (Rz) contains nine identical tandem copies of a sequence of 10 nucleotides. As the first eight nucleotides of the reiterated sequence in R2 are identical to nucleotides 24 to 31 of the reiterated sequence in Ra, it is possible that Ra and R2 have a common ancestor. Because of the lack of suitable restriction sites for generating subclones and the absence of a unique site for which a complementary oligonucleotide primer might have been synthesized, there is one stretch of 25 nucleotides (2276 to 2300) in the region between R1 and R2 that was determined on only one strand (albeit in determinations from three separate clones). This is the only region in the BamHI 10 fragment not determined on both strands and is presented as such because none of the conclusions regarding the important characteristics of the sequence in Fig. 2 depend upon these 25 nucleotides.
The junction between Rs and Us
Previous restriction endonuclease mapping (Rixon & Ben-Porat, 1979) indicated that the BamHI fragments 10 and 12 contained the junctions of the Rs and Us regions of the genome of PRV (designated IRs and TRs, respectively, for the orientation of the repeats in the isomer conventionally regarded as the prototype). We therefore undertook to determine the position of this junction in BamHI 10, by comparison with BamHI 12. Initial comparison was carried out by double digestion of the D N A of these two fragments (cloned in p U C 18) with SalI and BamHI, followed by electrophoresis, transfer to nitrocellulose and hybridization to radioactively labelled D N A probes (i) to (iv) derived from different regions of 3, 5, 7 and 9) or the BamHI 10 fragment (lanes 2, 4, 6, 8 and 10) was digested with Sail and BamHI, subjected to electrophoresis in 0.7~ agarose and transferred to nitrocellulose membranes. The membranes were hybridized, as described in Methods, to the radioactively labelled probes (i) to (iv) indicated in Fig. 1 : lanes 1 and 2 with probe (i), lanes 3 and 4 with probe (ii), lanes 5 and 6 with probe (iii) and lanes 7 and 8 with probe (iv). Lanes 1 to 8 show an autoradiograph and lanes 9 and 10 a stained gel. The sizes of the DNA fragments (kb) were determined from standards of known length (the 2.7 kb band is pUC18), those assignations from 0.300 to 0.490 kbp being from a separate 2% agarose gel with size markers generated by digestion of pBR322 DNA with Taql or HinfI.
the BamHI 10 fragment (Fig. 1) . The results are shown in Fig. 5 and demonstrate that the BamHI 12 fragment contains a copy of the RSp40 gene and the R1 and R: reiterated sequences, but not the pk gene. Comparative restriction endonuclease mapping showed that the BamHI 12 fragment lacked the EcoRV and neighbouring TaqI site of the BamHI 10 fragment (Fig. 2c) , indicating that the junction lay between reiterated sequence R2 and the TaqI site. This was confirmed by nucleotide sequencing of the left-hand end of the BamHI 12 fragment, which located the position of the junction precisely (Fig. 6 ). In the BamHI 12 fragment the junction lies just downstream of a potential polyadenylation/ processing site which follows the C-terminal portion of an open reading frame (see Discussion); these features are also indicated in Fig. 6 .
The above experiments clearly demonstrate that the TRs portion of the BamHI 12 fragment contains sequences found in IRs (and this was further confirmed by direct sequence determination of a 270 nucleotide portion of the RSp40 gene in BamHI 12, indicated in Fig.  1 c) . However, we have also observed some differences between the sequences in the TRs and the IR s. Thus, we could count 10, rather than nine, copies of the repeat unit of R2 in sequencing gels from BamHI 12 (G. Zhang & D. P. Leader, unpublished results) and it can be seen from Fig. 5 that the Sail fragment with the propensity for deletion in M13 was approximately five nucleotides shorter in the cloned BamHI 12 fragment. We have not determined the precise location of this latter difference, but the oligo(dC) stretches in this fragment are obvious potential candidates. It should be stressed that we are not suggesting that the heterogeneity is necessarily between the IR s and TRs, which tend to equalize rapidly by recombination ; it may just as well have arisen from differences between individual molecules of PRV DNA and we regard this latter possibility as the more likely of the two. An alternative explanation of the heterogeneity that we have not excluded is that it arises from deletions during cloning. However, heterogeneity in PRV DNA has been documented previously (e.g. Mettenleiter et al., 1988) and there is a specific example involving a reiterated 15 bp sequence in the U L region of the PRV genome, unrelated to those described here (Simon et al., 1989) .
Discussion
The PRV gene that we have designated RSp40 is clearly related to gene US1 of HSV-1 as regards the structure of the protein it encodes. The fact that its mRNA does not belong to the same kinetic class as the immediate early mRNA encoded by US1 raises the possibility that, at least in part, it may subserve a different function. This possibility is further suggested by the fact that in the conserved region of Fig. 3 the protein product of RSp40 is structurally more similar to those of the US1 homologues of EHV-4 (Cullinane et al., 1988) and VZV (Davison & Scott, 1986) than it is to the product of HSV-1 itself. It would be of interest to know to what kinetic class the mRNAs for the EHV and VZV proteins belong, but no information on this is yet available. The precise function of the product of US1 in HSV-1 is unclear, although it appears to affect the expression of certain late genes (Sears et al., 1985) . In some animal cell lines, but not others, the gene is dispensable for viral growth, suggesting that a host protein may be able to subserve the same function (Sears et al., 1985; Ackerman et al., 1985) . We therefore conducted a search of the protein databases with a 'profile' (see Methods) of the region of conserved homology shown in Fig. 3 , but this revealed no related cellular protein; nor was any cellular protein containing both of the conserved motifs, D-Y-MG and W--LLQ, found in the databases searched.
As already mentioned, a striking feature of the nucleotide sequence of gene RSp40 is the presence of a very AG-rich region predicted to give an extremely acidic stretch of over 120 amino acids on the C-terminal side of the region of similarity with the corresponding proteins of other alphaherpesviruses shown in Fig. 3 . The results of analysis of the open reading frame by the computer program CodonPreference (see Methods) supported the protein-encoding potential of the reading frame overall, but two sections of this AG-rich region had a poor protein-encoding potential in any reading frame. However, the results of analysis with the program TestCode (see Methods), which measures periodicity rather than codon usage, tolerated these AG-rich regions as having coding potential (G. Zhang & D. P. Leader, unpublished results) . Nevertheless, as we have undertaken neither analysis of the protein product of this gene nor detailed analysis of its mRNA, we cannot exclude the possibility that these AG-regions are spliced out of the initial RNA transcript, although introns are very rare in alphaherpesviruses. The 1.9 kb transcript (Fig. 4) is certainly large enough to include the acidic region of approximately 400 bp, as the distance from the initiation codon to the putative polyadenylation/processing site is only 1.2 kb. Furthermore, simple-sequence DNA predicted to encode regions of protein unusually rich in particular amino acids has been found in individual members of other alphaherpesviruses, one pertinent example of which is gene 11 of VZV in which a highly acidic region of amino acids results (Davison & Scott, 1986) . The proteins homologous to the product of RSp40 in the other alphaherpesviruses do each have a cluster of acidic amino acid residues on the C-terminal side of the region of homology (Fig. 7) , and, although these clusters are much smaller than that in the predicted PRV protein, it is feasible that the long AG-rich region evolved from the expansion of codons for Glu (GAA or GAG) in an original region, the size of which was nearer to that in the corresponding genes of other alphaherpesviruses. A pattern of putative duplication events that could have produced such an expansion is, however, difficult to discern from the contemporary sequence.
With the completion of the sequencing of the BamHI 10 fragment and the junction of the Us and Rs regions of the genome of PRV, one is in a better position to make some comparisons with the organization of the Us and Rs regions in other alphaherpesviruses. From Fig. 8 it can be seen that the sequence of the whole of the Us region of PRV has now been determined and, in addition to the genes mentioned in the Introduction, the region at the right-hand side of Us has recently been shown to encode a protein designated 28K, homologous to the product of gene US2 of HSV-1 (van Zijl et al., 1990) . The open reading frame indicated in Fig. 6 corresponds to the C-terminal portion of this protein. So far, counterparts for all but four of the 12 genes of the Us region of HSV-1 have been identified in PRV, a greater number than in VZV, although in both PRV and VZV some of these counterparts fall into the Rs region. One gene not yet identified in PRV is a counterpart to US10 of HSV-1, a gene one might expect to be present in the genome as it is conserved in VZV and also in EHV-4 (Cullinane et al., 1988) . We have searched for this and possible counterparts to the US11 and US12 genes in the regions flanking RSp40 and pk but have failed to detect any homologous et al., 1987) . The map of HSV-1 is after McGeoch et al. (1985) ; that of VZV is after Davison & Scott (1986) ; the genes of PRV are taken from the work of Post and coworkers for gX, gp50, gp63, gI and 11K (Reaet al., 1985; Petrovskis et al., 1986a, b; Petrovskis & Post, 1987) , Zhang et al. (1990) and the present work for the region between pk and RSp40, and van Zijl et al. (1990) for 28K.
open reading frames or parts thereof. It is possible that a counterpart of US10 in PRV lies in a part of the Rs region not yet sequenced. After the work described here was completed we learned that the junction between the Us and Rs regions has also been identified in the NIA-3 strain of PRV (van Zijl et al., 1990) . There are two striking differences in this region between the NIA-3 strain and the Ka strain described here. First, the exact position of the junction between the Us and Rs regions differs in the two strains. The left-hand end of the Us region is about 80 nucleotides shorter in NIA-3, whereas the right-hand end is about 50 nucleotides longer, with the DNA missing from the Us region of each strain being found in the respective Rs region. These differences have presumably arisen by non-homologous recombination of the type proposed by Davison & McGeoch (1986) to account for the overall expansion of the Rs region at the expense of the Us region in different alphaherpesviruses. The position of the junction between the Us and Rs regions has also been shown to vary in different strains of HSV-1 (Umene, 1989) .
The second marked difference between the two strains of PRV is in the reiterated sequences: those present in the Ka strain are absent from the NIA-3 strain, which has a single distinct reiterated sequence. Differences in the similarly placed reiterated sequences in the two serotypes of HSV have been previously reported (Whitton & Clements, 1984; McGeoch et al., 1986) . It seems as if there is a strong propensity for simple reiterated sequences to arise at the Us end of the Rs components of alphaherpesviruses, for, in addition to those in PRV and HSV (black boxes in Fig. 8 ), such reiterations are also found at this position in EHV-4 (Cullinane et al., 1988) . It seems possible that such reiterated sequences may contribute to the expansion and contraction of the Rs region by facilitating non-homologous recombination through misalignment. In this respect the occurrence of reiterated sequences at a more internal position in the Rs region of VZV (Fig. 8) may reflect an earlier stage in the evolution of this virus in which genes 63 and 64 might have been located in the Us region, as in HSV.
